Introduction
Malignant tumors are characterized by the loss of several genetic and molecular controls of cell proliferation and survival, and by the acquisition of undesirable cellular dysfunctions linked to the metastatic cascade (Fearon and Vogelstein, 1990) . The initiation of premalignant colonic adenomas is characterized, at least in part, by early, frequent, and constitutive activation of the src, ras, and Met protooncogenes in stem cells, and by molecular alterations in several components of the adenomatosis polyposis coli (Wnt/ APC/b-catenin) signaling pathways (Chastre et al., 1993; Di Renzo et al., 1995; Empereur et al., 1997; Vider et al., 2000; Liu et al., 2001) . The metastatic cascade in the gastrointestinal tract is also controlled by several epigenetic factors and endogenous inducers, namely hepatocyte growth factor (HGF), leptin, trefoil peptides, epidermal growth factor (EGF), transforming growth factor-b (TGF-b), food-associated carcinogens, and bile acids (Chastre et al., 1993; Prunier et al., 1999; Attoub et al., 2000; Akhurst and Derynck, 2001; Debruyne et al., 2001; Emami et al., 2001) . Sequential accumulation of these genetic and epigenetic alterations leads to dierent transformed phenotypes in terms of cell growth, survival and dierentiation, and to aggressiveness linked to the metastatic potential in distant target organs.
Heterotrimeric G-proteins and cAMP signaling pathways play a pivotal role in post-receptor transduction and immediate cellular responses, such as secretory processes (e.g. hormone release and the production of autocrine/paracrine growth factors, cytokines, and matrix metalloproteases), actin cytoskeleton reorganization, cellular adhesion and migration, and delayed responses linked to gene transcription, cell growth and dierentiation (Marinissen and Gutkind, 2001 ). Ligands of G-protein coupled receptors (GPCR) involved in large bowel in¯ammatory diseases, such as platelet activating factor (PAF), thrombin, and thromboxane also play an important part in colon cancer progression (Kotelevets et al., 1998; Faivre and ReÂ gnauld et al., 2001; Rodrigues et al., 2001; Nguyen et al., 2002) . A complex network of signaling pathways is controlled by GPCR ligands. These pathways range from serpentine receptors to speci®c cytoplasmic and nuclear targets through activation of heterotrimeric guanine nucleotide binding G-proteins Ga and Gbg.
Upon activation, GTP-bound Ga subunits lose their anity for Gbg subunits but increase their anity for downstream signaling eectors. Several lines of evidence demonstrate that the signaling pathways governed by Rho-like GTPases and heterotrimeric Gproteins are interdependent and contribute to cellular adhesion, transformation, and tumor cell invasiveness. Activation of the pertussis toxin (PTx)-insensitive Gproteins Gaq, Ga12, Ga13, and Gas leads to the oncogenic transformation in dierent cell types (Spada et al., 1998; Vara Prasad and Dhanasekaran, 1999; Rodrigues et al., 2001; Nguyen et al., 2002) . Downstream eectors of the GPCR, Ga12/13 and Gaq subunits, including RGS domain-containing RhoGEFs (p115-RhoGEF, PDZ-RhoGEF), Rho GTPases, phospholipases C (PLC), tyrosine kinases, and proteases have been implicated in cellular transformation, regulation of the actin cytoskeleton, cell adhesion, motility and invasiveness (Ma and Huang, 1998) . Conversely, p115RhoGEF exhibits GTPase-activating protein activity for its upstream eector, the Ga12/13 subunits (Kozasa et al., 1998) . The Gai and Gbg subunits activate Rac and Cdc 42 during cell spreading induced by lysophosphatidic acid (Ueda et al., 2001 ), a signaling response that elicits transient or persistent inhibition of Rho. Therefore, the activation status of the invasion promoter Rac is under the control of the PTx-sensitive G-proteins Gai and Gbg. It is noteworthy that a crosstalk was also found between Rholike small GTPases and PAR-1 signaling through its associated heterotrimeric G-proteins Ga/Gbg subunits (Nguyen et al., 2002) . We recently identi®ed a new function of the RhoA and RhoD GTPases acting as a molecular switch between the negative and positive signaling activity of the thrombin PAR-1 receptors in cellular invasion. Commutation of PAR-1 and Gao/idependent negative signals (Faivre and ReÂ gnauld et al., 2001) into Gaq-dependent positive signals was induced through inhibition of RhoA signaling by RhoD and cGMP-dependent protein kinase G pathways (Nguyen et al., 2002) . Furthermore, we have presented the interesting hypothesis that cell ± cell and cell ± matrix adhesions determine the activation status of the PAR-1 heterotrimeric G-proteins, through the RhoA inhibitors p120 catenin and tenascin-C, in the context of the metastatic process in solid tumors.
Several studies demonstrated that GPCR linked to the Gas subunit and the cAMP pathway also play a key role in cell proliferation and neoplasia, via rasdependent MAPK activation through Gbg and phosphatidylinositol 3'-kinase PI3'-Kinase (Du Villard et al., 2000) . In fact, fully transformed phenotype was induced in 3T3 cells stably transfected by the constitutively activated thyroid stimulating hormone receptor, according to the mutations observed in hyperfunctioning human thyroid adenomas. Approximately 40% of growth hormone-secreting pituitary adenomas and dierentiated thyroid carcinomas have somatic mutations at codons 201 and 227 in the Gas gene GNAS1, also designated as the gsp oncogene, that constitutively activate Gas in hyperproliferative diseases (Moretti et al., 2000) . The Gas subunit and cAMP-dependent protein kinase A (PKA) have been reported to exert a role in cell proliferation, neuroendocrine dierentiation, and the invasive potential of prostate cancer LNCaP cells, as well as of thyroid, pituitary and lung carcinoma cells (Hoosein et al., 1993; Logothetis et al., 1994; Shah et al., 1994; Young et al., 1995; Chien et al., 1999; Cox et al., 1999) . Abnormalities in the expression, protein structure, and constitutive activation of the G-protein subunits Gai2, Gai3 and Gb have been characterized in human neuroendocrine and ovary tumors, and in experimental models of colonic neoplasms in rats (Lyons et al., 1990; Bolt et al., 1998; Farfel et al., 1999) .
Gaolf, originally discovered in the olfactory neuroepithelium and striatum, was subsequently identi®ed in peripheral tissues, including human and rodent testis, spleen, lung, heart, pancreatic b-cells, and human insulinomas (Jones and Reed, 1989; Zigman et al., 1993; Rius et al., 1994; Astesano et al., 1999; Ferrand et al., 1999; ReÂ gnauld et al., 2002) . The Gaolf subunit has an 88% amino acid homology with Gas, as it comprises three conserved functional domains involved in guanosine triphosphate (GTP) binding anity, GTPase activity, GPCR-dependent GTP binding and GTP-induced conformational change . To date, very little is known about the cellular functions regulated by Gaolf in peripheral tissues and the molecular partners of the Gaolf signaling pathways. We recently showed that based on the sequence divergences between Gaolf and Gas (Jones and Reed, 1989; Lambright et al., 1996) , Gaolf exerts preferential activation on the AC-I and -VIII isoforms of membrane-bound adenylate cyclases (AC), and on the regulation of insulin status in endocrine pancreatic bcells (ReÂ gnauld et al., 2002) .
The present study was therefore designed to determine whether Gaolf regulates cellular functions involved in the oncogenic transformation of digestive and urogenital epithelial cells. Using stable expression of the constitutively active GTPase-de®cient form of Gaolf (GaolfQ214L, designated as AGaolf), we found that this Ga-subunit and cAMP dierentially regulate transforming functions, namely cellular invasion, survival and neuroendocrine dierentiation, via PKA and Rho-dependent and -independent oncogenic pathways.
Results
Expression of the Gaolf subunit in human kidney, colonic and prostatic epithelial cells Using oligonucleotide primers that speci®cally ampli®ed the human Gaolf transcript by reverse transcriptase-polymerase chain reaction (RT ± PCR), we examined the expression of this gene in human digestive and urogenital epithelial cells. As shown in Figure 1A , the presence of the human Gaolf (hGaolf) PCR product with the expected size of 526 bp was clearly identi®ed in human embryonic kidney epithelial cells HEK-293T, the human cortical collecting duct kidney cell line HCD, and the human prostatic cancer cells LNCaP, although this band was barely detectable in the human colorectal tumor HCT-8-S11 cell line. Expression of the Gaolf protein subunit (46 kDa) was con®rmed by Western blot analysis in lysates prepared from the HEK-293T, HCD and LNCaP cell lines, using the K19 polyclonal antibody ( Figure 1B) , suggesting that this G-protein is more widely distributed than previously described. The detection of Gaolf protein in relatively high levels in digestive and urogenital epithelial cells, as compared to insulinsecreting b-TC3 cells (ReÂ gnauld et al., 2002) , indicate that this Ga-subunit is a functional signaling element in various peripheral tissues.
Transient and stable overexpression of the activated form of the Gaolf subunit in the kidney epithelial cell lines HEK-293T and MDCKts.src
To check the functionality of the pCEFL-AGaolf expression vector encoding the constitutively activated, GTPase-de®cient form of the rat Gaolf subunit (GaolfQ214L, designated here as AGaolf), the transient expression of AGaolf was assayed in HEK-293T kidney epithelial cells. As shown in Figure 1B , transient transfection of HEK-293T cells by the pCEFL-AGaolf vector resulted in a remarkable accumulation of the AGaolf protein in HEK-293T-AGaolf cells. Similarly, Madin-Darby canine kidney cells MDCKts.src expressing a temperature-sensitive mutant of v-src (Behrens et al., 1993) were stably transfected by AGaolf and selected with G-418. Pools 1 and 2 (P1 and P2) of several clones isolated from two independent transfections were analysed by RT ± PCR ( Figure 1A ) performed with oligonucleotide primers that speci®cally ampli®ed rat Gaolf cDNA (rGaolf), corresponding to an expected amplicon of 519 bp. This experiment revealed that both pools are positive for the ectopic expression of AGaolf, unlike the parental MDCKts.src cells, in which this 519 bp PCR product was not detected ( Figure 1A) . The MDCKts.srcAGaolf cell line (Pool 1) was used for further characterization.
Ectopic overexpression of constitutively activated AGaolf promotes cellular invasion in kidney MDCKts.src epithelial cells
As shown in Figure 2 , MDCKts.src cells were not spontaneously invasive in type I collagen at the restrictive temperature of 408C for src activation. Similarly to hepatocyte growth factor/scatter factor (HGF), the ectopic overexpression of AGaolf promoted cellular invasion in these kidney cells, with Figure 1 Expression of Gaolf by RT ± PCR and Western blot in digestive and urogenital epithelial cells. (A) Total RNA was extracted from kidney epithelial cells HEK-293-T and HCD, human colonic HCT-8/S11 or prostatic LNCaP cancer cell lines and from canine kidney epithelial cells MDCKts.src, before (Parental) and after stable transfection by AGaolf (pools 1 and 2, designated as P1 and P2). RT ± PCR was performed as described in Materials and methods. The endogenous human Gaolf transcript and the rat (Q214L) Gaolf transgene was clearly detected as the expected products of 526 bp and 519 bp respectively. In the lower panel, accumulation of the human GAPDH amplicons (574 bp) is used to normalize the loading samples. (B) Immunoblotting of the Gaolf subunit in cell lysates prepared from parental and kidney HEK-293T cells transiently transfected by AGaolf, HCD cells and prostatic LNCaP cells, was performed using the polyclonal antibody K19. The ECL detection system revealed a positive immunoreactive band at 46 kDa corresponding to the Gaolf subunit Figure 2 Induction of cellular invasion by ectopic overexpression of the constitutively activated Gaolf subunit in MDCKts.srcAGaolf cells. The invasion index in type I collagen gels was measured using parental and AGaolf-transfected MDCKts.src cells, incubated for 24 h at 408C in the presence or absence (Control) of HGF (10 U/ml), wortmannin (10 mM), C3T (5 mg/ ml), PAF (0.1 mM), TRAP (10 mM), pertussis toxin (PTx, 200 ng/ ml), GoÈ 6976, GF109203X, U73122, and KT5720 (each at 1 mM) or forskolin (FK, 10 mM). Data are means+s.e.m. of three separate experiments invasion indexes of 10+0.47% and 8.8+0.6% that are induced by HGF and AGaolf, respectively. This proinvasive eect of AGaolf was totally abolished by the pharmacological inhibitors of PI3'-Kinase and Rho GTPases, i.e. wortmannin and Clostridium botulinum exoenzyme C3 transferase (C3T), respectively. Addition of PAF or thrombin receptor activating peptide (TRAP), a speci®c agonist of the protease-activated receptor-1 (PAR-1), also completely reversed AGaolf-induced invasiveness. We recently reported evidence that both PAF and TRAP exert invasion suppressor functions on positive signaling pathways governed by oncogenes and epigenetic factors, through the activation of the pertussis toxin (PTx)-sensitive G-proteins Gao/i in kidney and colonic epithelial cells at various stages of the cancerous progression . As previously observed for the invasiveness induced by HGF and leptin (Kotelevets et al., 1998; Attoub et al., 2000; Faivre et al., 2001) , the invasiveness induced here by AGaolf was also completely reversed by PTx. Consequently, it was dependent on key signaling pathways involved in cellular invasion and metastasis. These pathways included PI3'-kinase, Rho-like GTPase, Gao/i and Gbg subunits, as well as PKC, as judged by the inhibitory action of GoÈ 6976 and GF109203X, two PKC inhibitors with high speci®city for the PKCa, b1, PKCb2, g, and PKCe isoenzymes. In contrast, the Gaolf invasion pathway was independent of the PLC-b inhibitor U73122. Since the Gaolf subunit was originally described as a cyclic adenosine monophosphate (cAMP)-inducing signaling eector acting through AC activation (Jones and Reed, 1989; ReÂ gnauld et al., 2002) , we explored the possible contribution of cAMP and PKA in cellular invasion induced by AGaolf in MDCKts.src cells. As shown in Figure 2 , constitutive activation of Gaolf was insensitive to the PKA inhibitor KT5720, suggesting that PKA is not involved in the AGaolf-induced invasiveness of MDCKts.src cells. On the other hand, the cAMPinducing agent forskolin (FK) does not interfere with this invasiveness. It therefore may be interesting to investigate the possibility that FK had proinvasive activity in parental MDCK cells and MDCKts.src cells transformed by the src oncogene.
As shown in Figure 3 , parental MDCK cells are not spontaneously invasive and are insensitive to FK and the PKA inhibitor KT5720, either alone or combined. In MDCKts.src cells expressing the src oncogene, forskolin promoted a remarkable induction of cellular invasion that was dose-dependently reversed by KT5720. Thus, overexpression of v-src in MDCKts.src cells incubated at the non-permissive temperature of 408C for src activation allowed the pre-programmed src invasive phenotype to become apparent in the presence of forskolin, as we observed previously in this model for HGF and trefoil peptides . Similar results were obtained when the human colorectal cell lines PC/AA/C1 and PCmsrc were exposed to FK, either alone or combined with KT5720 ( Figure 3 ).
Cellular invasion promoted by AGaolf in colonic HCT-8/S11 cells is abolished by the RhoA antagonist RhoD
Since AGaolf promotes cellular invasion in kidney epithelial MDCKts.src cells in a C3T/Rho-dependent manner, we wished to con®rm these results in human colonic epithelial cells HCT-8/S11. For this purpose, this cancer cell line was stably transfected with AGaolf and the constitutively activated form of the small Gprotein RhoD (RhoDG26V, designated here as DCRhoD), either alone or combined together in a co-transfection assay. RhoD is a novel member of the small G-protein Rho family that antagonizes the cellular functions of RhoA and is therefore considered as an inhibitor of RhoA signaling, like C3T (Tsubakimoto et al., 1999) . As shown in Figure 4A , the rat Gaolf PCR product (the expected 519 bp fragment) was detected in pools and clonal derivatives of human HCT-8/S11-AGaolf cells (P1, P2 an C3, C5, C6) and in HCT-8/S11-AGaolf/DCRhoD cells (P1, P2 and C3), as compared to parental HCT-8/S11 cells. Expression of the constitutively activated form of RhoD in HCT-8/ S11-DCRhoD and HCT-8/S11-AGaolf/DCRhoD cells was then explored by immunoblotting, as shown in Figure 4B . Next, resistant colonies were then selected, using the monoclonal antibody 9E10 directed against the c-Myc epitope tagged DCRhoD protein (20 kDa) in HCT-8/S11-DCRhoD and HCT-8/S11-AGaolf/ DCRhoD cells ( Figure 4B ). We used the stably transfected HCT-8/S11-AGaolf cells (Clone 5), HCT-8/S11-DCRhoD cells (Clone 3) and HCT-8/S11- In agreement with the results shown in Figure 2 for the induction of cellular invasion by AGaolf in MDCKts.src-AGaolf cells, ectopic expression of this activated G-protein subunit also induced invasiveness in HCT-8/S11-AGaolf cells, according to the same signaling elements involving PI3'-kinase, Rho GTPases and the Gao/i inhibitor PTx ( Figure 5 ). Similarly AGaolf-induced invasion in HCT-8/S11 cells was insensitive to the PLC-b inhibitor U73122 and to the cAMP-inducing agent FK. The implication of the RhoA GTPase in cellular invasion induced by AGaolf and intestinal trefoil factor (ITF) in human colonic epithelial cells was further demonstrated after stable expression of DCRhoD in HCT-8/S11 and HCT-8/ S11-AGaolf cells ( Figure 5) . Indeed, the activated form of the RhoD GTPase completely blocked the proinvasive eects of AGaolf and ITF, in agreement with our previous report regarding the implication of Rho GTPases in cellular invasion controlled by trefoil factors . Thus, constitutive activation of Gaolf induces cellular invasion through PI3'-kinase/Rho/PKC-dependent pathways, and PLC/ PKA-independent pathways. In src-transformed MDCKts.src and PCmsrc cells, the cAMP-inducing agent forskolin acts as a promoter of cellular invasion, through a PKA-dependent mechanism.
Inhibition by AGaolf of serum starvation-induced apoptosis in MDCKts.src kidney epithelial cells
The development and maintenance of normal and neoplastic epithelial cells in the digestive and urogenital tract is critically linked to a delicate balance between cell generation, functional dierentiation, and apoptosis or programmed cell death. Thus, resistance to apoptotic signals is generally considered as the hallmark of cellular transformation and cancer progression. Using propidium iodide/¯uorescence-activated cell sorter (FACS) analysis, we examined the possible role of the AGaolf subunit on cell survival in MDCKts.src-AGaolf cells (Figure 6 ). Accordingly, stably transfected MDCKts.src-AGaolf cells and -pCEFL control cells were deprived of serum for 24 and 48 h and cultured at the non-permissive temperature of 408C for src activation, and the apoptotic responses were assayed. The results were compared to those obtained for serum-deprived MDCKts.srcpCEFL cells incubated at the permissive temperature of 358C for src activation. As shown in Figure 6A , activated src provided remarkably strong protection of MDCKts.src-pCEFL cells from apoptosis, because the Figure 4 Ectopic overexpression of constitutively activated forms of AGaolf and the small GTPase DCRhoD by RT ± PCR and Western blot in stably transfected human colorectal epithelial cells HCT-8/S11-AGaolf and HCT-8/S11-DCRhoD. Parental colonic HCT-8/S11 epithelial cells were transfected with the AGaolf and DCRhoD-Myc vectors (3 mg of each), used either alone or combined. Stably transfected cells were then selected by the neomycin analog G-418 (Geneticin). (A) Stable expression of rat AGaolf cDNA was characterized by RT ± PCR in human HCT-8/S11-AGaolf cells (pools 1 and 2, and clones 3, 5 and 6) and HCT-8/S11-AGaolf/DCRhoD cells (pools 1 and 2, and clone 3). The rat Gaolf transgene was clearly detected by RT ± PCR as the expected 519 bp product that was normalized by the 574 bp amplicon of the GAPDH message. (B) Stable expression of the constitutively activated form of the c-Myc -tagged small GTPase RhoD (DCRhoD) in HCT-8/S11-DCRhoD cells (pools 1 and 2, and clones 1 ± 4 and 6) and HCT-8/S11-AGaolf/DCRhoD (pools 1 and 2) cells were analysed by Western blot. Equal amounts of protein (200 mg) were prepared from parental and transfected cells and subjected to SDS ± PAGE and immunoblotting using the monoclonal antibody 9E10 directed against the c-Myc epitope Figure 6A , the percentages of MDCKts.src-pCEFL cells which underwent apoptosis in the absence of serum were 13+0.67 and 14.5+2.2% at 24 and 48 h, whereas the percentages of apoptotic cells were only 5.1 and 6.6% in MDCKts.src-AGaolf cells cultured under the same experimental conditions. Serum starvation compare well with pathophysiologic situations connected with local hypoxia, and privation of growth factors which are critically observed during the angiogenic switch in growing colorectal adenomas and adenocarcinomas. For instance, serum starvation in human colon carcinoma cells is associated with induction of VEGF (Jung et al., 1999) , a chemotactic and survival factor for endothelial cells during the adenomatous transformation of the human colonic mucosa. We next examined the signaling cascades leading to AGaolf-induced cell survival in MDCKts.src cells incubated for 24 h at 408C in the absence of serum, using pharmacological inhibitors of survival and invasion signaling pathways driven by PI3'-Kinase (LY294002), p70 S6 kinase (rapamycin), Rho GTPases (C3T exoenzyme), PLC-b (U73122), Gai/o (PTx), or the cAMP-inducing agent FK ( Figure 6B ). Firstly, in MDCKts.src-pCEFL cells incubated in the presence of the Rho inhibitor C3T, we observed that serum starvation-induced apoptosis increased from 14.5+2.2 to 28.8+2.8%. Secondly, addition of the other signal transduction inhibitors tested ( Figure 6B ) had no detectable eect on AGaolf-induced cell survival. In the case of the PI3'-Kinase inhibitor, the proportion of apoptotic cells rose signi®cantly, from 6.6+0.7 to 11.6+0.9% (P50.01). However, AGaolf was still capable of ensuring its survival eect under these conditions, because the percentage of apoptotic cells in MDCKts.src-pCEFL cells was twice that observed for MDCKts.src-AGaolf cells exposed to LY294002 (22.5+2.9 versus 11.6+0.9%, Student's t-test: P50.02). Taken together, our data demonstrate that the cell survival induced by AGaolf is partially reversed by inhibiting PI3'-kinase, but is not aected by the Rho inhibitor C3T.
Ectopic expression of AGaolf and inhibition of the small G-proteins Rho induce neuroendocrine-like differentiation in human prostatic LNCaP cancer cells
In a recent study, Cox et al. (1999) showed that forskolin and physiologic cAMP-inducing agents induce neuroendocrine (NE) dierentiation in the human prostatic cell lines LNCaP and PC3M, as judged by expression of the NE markers neuronspeci®c enolase, neurotensin, serotonin, and chromogranin A. Since Gaolf is expressed in LNCaP cells (Figure 1 ) and induces cAMP generation via direct interaction with adenylyl cyclases AC I and VIII (Jones and Reed, 1989; ReÂ gnauld et al., 2002) , we attempted to determine whether this G-protein had functional activity on NE-like dierentiation in LNCaP cell stably transfected by AGaolf. As described in Figure 7A , we isolated from the parental LNCaP cells a stably transfected clonal derivative (Clone 12) harboring the expected rat Gaolf transgene (PCR product of 519 bp).
To test the ability of Gaolf to induce NE-like dierentiation in human prostatic epithelial cells, control vector-transfected LNCaP-pCEFL cells and LNCaP-AGaolf cells were cultured for 3 days in the presence or absence of the phosphodiesterase inhibitor isobutylmethylxantine (IBMX), either alone or combined with forskolin ( Figure 7B ). Under these condi- tions, control LNCaP-pCEFL cells developed a typical neuritic morphology in the presence of IBMX, which was exacerbated by FK plus IBMX, as shown previously for the parental LNCaP prostatic epithelial cells (Cox et al., 1999) . Constitutive overexpression of AGaolf induced a NE-like phenotype in LNCaPAGaolf cells (Figure 7B panel b) . This conversion was further enhanced by the addition of IBMX, alone or combined with FK ( Figure 7B panels d,f) . Control LNCaP-AGaolf cells are more refringent ( Figure 7B ) than LNCaP cells cultured in the presence of IBMX alone or combined with FK ( Figure 7B panels c,e) , suggesting that AGaolf and IBMX have dierent actions. Accordingly, the Rho inhibitor C3T had no eect on the proliferation of LNCaP cells transfected by the control vector pCEFL or AGaolf. In contrast, IBMX alone or combined with either C3T, FK, or FK+KT5720 reduced by 50 ± 60% the cell count in cultured LNCaP-pCEFL and -AGaolf cells (not shown) Thus, the induction of the NE-like dierentiation by the Rho inhibitor C3T is independent of a growth arrest and progression of the cell cycle.
Because we demonstrated here that the cellular invasion and survival induced by AGaolf were respectively Rho-dependent and -independent (Figures 2, 5 and 6), we next investigated the possible contribution of the Rho family small GTPases to AGaolf-induced NE-like dierentiation in LNCaP cells. Addition of the Rho inhibitor C3 transferase promoted this dierentiation in LNCaP-pCEFL cells, Figure 8A, panels a,b) . On the other hand, addition of the PKA inhibitor KT5720 did not down-regulate the NE conversion induced by AGaolf, alone or combined with IBMX, in LNCaP-AGaolf cells ( Figure 8A, panels c,d) , and by FK combined with IBMX in LNCaP-pCEFL cells ( Figure 8A, panel e) . When tested alone, this PKA inhibitor had no eect on the morphologic characteristics of the undierentiated prostatic epithelial cells LNCaP-pCEFL ( Figure 8A, panel f) .
Together with neurite expansion, PTHrP synthesis is the second feature characterizing NE-like dierentiation of the human prostatic cancer cells LNCaP. As shown in Figure 8B , both IBMX alone and the Rho inhibitor C3T alone failed to induce the expression of the NE marker parathyroid hormone-related peptide (PTHrP) in control LNCaP-pCEFL cells. Similarly, PTHrP levels were undetectable in LNCaP cells stably transfected by AGaolf. More importantly, combinations of AGaolf with the PDE and Rho inhibitors resulted in remarkable induction of PTHrP (respectively 7.7+0.8 and 2.9+0.1 ng/mg protein). This induction was cumulative in LNCaP-AGaolf cells treated with IBMX plus C3T (11.7+0.7 ng/mg protein). Furthermore, the increased accumulation of PTHrP induced by IBMX plus FK in LNCaP-pCEFL cells, and by IBMX alone in LNCaPAGaolf cells were respectively reduced by 45% (P50.01) and abolished by the PKA inhibitor KT5720. The implication of PKA and Rho inhibition in PTHrP induction was further demonstrated in LNCaP-AGaolf cells cultured for 6 days in the presence of IBMX and C3T, since PTHrP levels were 2.9+0.6 and 11.7+0.7 ng/mg protein in the presence and absence of KT5720 respectively ( Figure 8B ). Lastly, we observed that the invasion index of 1.6% measured in LNCaP-pCEFL cells rose to 6.4 ± 8.3% in stably transfected LNCaP-AGaolf cells, via a Rho/PI3'-kinase-dependent and a PKA-independent mechanism (data not shown), as observed above in MDCKts.srcand HCT-8/S11-AGaolf cells (Figures 2 and 5) . In comparison, control LNCaP-pCEFL cells were induced to invade collagen gels after addition of the trefoil factor pS2 (invasion index=6.5 ± 10.5%) or the TXA2-R agonist U46619 (7.7 ± 8.8% invasive cells).
Discussion
We provided evidence that Gaolf regulates several transforming functions which are linked to the acquisition of aggressive phenotypes in solid tumors. These deleterious functions include cellular invasion, resistance to apoptosis, and induction of the neuroendocrine-like dierentiation in human prostatic cancer cells. Accordingly, Gaolf signaling is connected with several oncogenic pathways involved in the adverse eects of solid tumors in the digestive and urogenital systems.
Firstly, we found that Gaolf induced invasiveness of kidney, colonic and prostatic, epithelial cells, via PKAand PLC-independent signaling pathways, using PI3'-kinaseinases, Rho GTPases and PKC. These signaling elements play a major role in cancer progression controlled by oncogenes and epigenetic factors, including src, Met, leptin, trefoil peptides, TGFb, and Gprotein coupled receptors (Rudolph et al., 1995; Empereur et al., 1997; Kotelevets et al., 1998; Farfel et al., 1999; Prenzel et al., 1999; Prunier et al., 1999; Attoub et al., 2000; Barbier et al., 2001; Emami et al., 2001; Marinissen and Gutkind, 2001; Faivre et al., 2001; Radhika and Dhanasekaran, 2001; Rodrigues et al., 2001; Nguyen et al., 2002) . The migratory phenotype requires an extensive remodeling of the actin cytoskeleton through members of Rho family small GTP-binding proteins involved in assembly of the integrins (Machesky and Hall, 1997; de Curtis, 2001 ). The activation of RhoA promotes the formation of stress ®bers and focal adhesion complex, through tyrosine phosphory-lation of focal adhesion kinase and Rho-kinase isoforms (Ridley and Hall, 1994) . In the present study, cellular invasion mediated by AGaolf and ITF was abrogated by the Clostridium botulinum exoenzyme transferase (C3T, which ADP-ribosylates and inactivates Rho GTPases) and RhoD, a physiologic inhibitor of RhoA signaling (Tsubakimoto et al., 1999) , as well as by the agonists of the PAF-R and PAR-1 involved in suppression of cellular invasion . Thus, the transforming activity of AGaolf mimics, at least in part, cellular signaling controlled by the Ga12/Ga13 and Rho/ROCK cascade in ®broblasts and epithelial cells (Jiang et al., 1993; Xu et al., 1994; Vara Prasad and Dhanasekaran, 1999; Nguyen et al., 2002) . The invasiveness induced here by AGaolf was also blocked by the Gao/i subunit inhibitor PTx, possibly through neutralization of a permissive Gai/Gbg signaling pathway acting as an invasion promoter through PI3'-Kinase and Rhodependent signaling. Similarly, the Met oncogene and signaling through the EGF and IGF receptors are controlled by the PTx-sensitive Gai and Gb subunits (Dalle et al., 2001) .
We previously demonstrated that the adenylate cyclase activator Gaolf preferentially act through AC-I and -VIII (ReÂ gnauld et al., 2002) . However, in the present study, the control by Gaolf of cell invasion and NE dierentiation was PKA-independent. This observation raises the possibility that the transformation phenotype induced by Gaolf involves other cAMPdependent mechanisms, e.g. the guanine-nucleotide exchange factor Epacs/cAMP-GEFs pathway, leading to the activation of Rap1 and 2, two small GTPases involved in cell proliferation, dierentiation, and morphogenesis (Kawasaki et al., 1998; de Rooij et al., 2000) , or to another unsuspected signaling cascade. Rap has been reported to act as a mitogenic signaling element and an inducer of neurite outgrowth in rat pheochromocytoma PC12 cells (Vossler et al., 1997; York et al., 1998) . Rap1 is involved in activating the integrins that play a key role in cellular invasion and adhesion (Katagiri et al., 2000; Reedquist et al., 2000; Shaw, 2001) . It is clear that forskolin is a proinvasive agent in PC/AA/C1, PCmsrc, and MDCKts.src cells, through a functional cAMP/PKA-invasion pathway in the same model. Overexpression and activating mutations of the tyrosine kinase src are critical and frequent molecular defects involved its oncogenic action during colon cancer progression (Talamonti et al., 1993; Irby et al., 1999) . Thus, a subset of adenomas and adenocarcinomas aected by src might reveal their metastatic potential in response to AC activators, through a PKA-dependent cascade in the colonic mucosa.
Secondly, we found that both the src oncogene and AGaolf protected kidney MDCKts.src cells from the apoptosis induced by serum deprivation. Although AGaolf-mediated cell survival was not altered by C3T, this Rho inhibitor markedly increased the proportion of apoptotic cells in control MDCKts.src-pCEFL cells cultured for 24 h in the absence of serum. Thus, activated Gaolf protected serum-deprived cells from apoptosis through a PTx-independent mechanism distinctively from cellular invasion. The resistance to cell death caused by apoptotic agents, hypoxia, and loss of anchorage (anoikis) is an important feature of transformed cells to become metastatic in distant organs. Therefore, both AGaolf and the src oncogene exert convergent transforming functions on cellular invasion and survival in the establishment of the metastatic cascade, through a PI3'-Kinase dependent mechanism. The critical role played by PI3'-kinases in regulating cell survival was ®rst indicated in PC12 cells cultured in the presence of nerve growth factor (Yao and Cooper, 1995) and has been extended in several other cell types (Barbier et al., 2001) . The serine/threonine kinase AKT, a direct downstream eector of PI3'-kinase, is required for cell survival by modifying the anti-apoptotic and pro-apoptotic functions in the bcl-2 gene family (Datta et al., 1997; del Peso et al., 1997) , and by regulating several eectors. These include the rapamycin target TOR, and glycogen synthase kinase-3, a component of the Wnt/APC/b-catenin signaling pathway implicated in cellular transformation and apoptosis (Pap and Cooper, 1998; Scheid and Woodgett, 2001) . In the present study, Gaolf-mediated cell survival in MDCKts.src cells was rapamycin-independent, suggesting that mTOR is not involved.
Lastly, we found that Gaolf and the cAMP pathways are implicated in the neuroendocrine-like dierentiation of the human prostatic LNCaP cancer cells. This metastatic androgen-responsive cell line may acquire a reversible neuron-like morphotype after treatment with dibutyryl cAMP, IBMX or forskolin (Cox et al., 1999) . Withdrawal of C3T from NE-like LNCaP cells also induced the loss of neuritic processes that was initiated 3 days after C3T removal (not shown). The reacquisition of a morphology typical of untreated cells was optimal 5 days upon C3T withdrawal. Thus, inactivation of Rho GTPAses by C3T also promotes reversible induction of neuritelike processes in LNCaP cells, a cellular response linked to the consequent activation of Rac and Cdc42 in N1E-115 neuroblastoma cells (Van Leeuwen et al., 1997) . It has been also argued that the cAMP/PKAdependent pathway would facilitate Rac activation and impede Rho activation, and vice versa, in response to b1 integrin clustering and adenylate cyclase (AC) activation (O'Connor and Mercurio, 2001) . Thus, cyclic nucleotides cAMP and cGMP might interfere dierentially with Rac and Rho signaling (Gratacap et al., 2001; Nguyen et al., 2002) , following activation of G-protein coupled receptors and cell adhesion receptors. Recent studies suggest that AC hyperactivity results from activating point mutations of R201C and Q227L within the GTPase domain of the Gas-gene, termed the gsp oncogene. These mutations were found primarily in a subset of growth hormone-secreting human pituitary tumors (Peri et al., 2001) . In addition, external factors activating the Gas/PKA pathways also recruit the src oncogenic cascade to induce vascular endothelial growth factor expression, an angiogenic factor playing a key role in the progression of solid tumors (Fredriksson et al., 2000) . The nuclear factors that carry out terminal NE dierentiation in LNCaP cells are still unknown. However, the helix ± loop ± helix transcription factor Olf-1, which is known to regulate a cascade of neuronal determination and dierentiation, is present in endocrine cells, and transactivates the Gaolf gene (Wang et al., 1993; Tsai and Reed, 1997) . Dierentiated NE tumors, such as small cell carcinomas and NE-containing carcinoid tumors, are highly aggressive diseases generally characterized by hypersection of hormones, biogenic amines, and growth factors that often cause severe and detrimental lethal syndromes (Cox et al., 1999; Deftos, 2000; Bouvet et al., 2001) . We found that AGaolf directly converted LNCaP cells into PTHrP-secreting neuronlike cells through a C3T-insensitive mechanism. Accordingly, Rho inhibition by C3T also induced similar PTHrP induction and morphologic dierentiation in LNCaP cells. Both AGaolf and C3T promote extensive neurite outgrowth indicating actin reorganization in NE-like LNCaP cells. An increasing body of data highlights the role of the PTHrP receptor in the autocrine regulation of growth and dierentiation in the prostate, kidney, breast and colon (Escande et al., 2001; Carron et al., 1997) . Most importantly, PTHrP exerts intracrine actions through PKA, PLC, and IL-8 production regulating prostate cancer growth through its angiogenic activities (Cox et al., 1999; Gujral et al., 2001) . The PTH/PTHrP receptor and PTHrP are also co-expressed in human glial cells, suggesting that autocrine and paracrine loops are involved in primary and metastatic tumors in the central nervous system (Shankar et al., 2000) .
Overall, our data support the idea that the regulatory G-protein Gaolf may contribute to the neoplastic progression in the digestive and urogenital tract. A goal for future studies will be to directly identify the upstream eectors of the Gaolf signaling pathways, including the G-protein coupled receptors and ligands activating this Ga subunit, as well as its downstream targets in the context of neoplasia.
Materials and methods

Peptides and reagents
Hepatocyte growth factor (HGF) and C3T were generous gifts from Prof P Comoglio (University of Turin, Italy) and Dr G Flatau (INSERM U452, Nice, France), respectively. Puri®ed recombinant human intestinal trefoil peptide (ITF) and pS2 were generous gifts from Dr L Thim (Novo Nordisk, Bagsvaerd, Denmark), and Prof Bruce Westley (University of Newcastle, Newcastle upon Tyne NE1 4LP, UK), respectively. The pharmacological inhibitors of PI3'-Kinase (wortmannin), PLC (U73122), PKC (GoÈ 6976 and GF109203X), and PKA (KT5720) were from Calbiochem (Meudon, France). Platelet-activating factor (PAF), the adenylyl cyclase activator forskolin (FK), and the pharmacological inhibitors of the Gao/i subunits (PTx), p70S6 kinase (rapamycin), IBMX, and LY294002 were from Sigma-Aldrich (SaintQuentin, Fallavier, France). Thrombin PAR-1 receptor activating peptide TRAP (SFLLRN) and the thromboxane A2 receptor agonist (TXA2-R, U46619), were from Bachem Biochimie (Voisins-le-Bretonneux, France) and Cayman Chemicals.
Cell lines
Human embryonic kidney HEK-293T epithelial cells (Marinissen et al., 1999) , parental Madin-Darby canine kidney (MDCK) epithelial cells, and MDCKts.src cells transformed by a temperature-sensitive mutant of the v-src oncogene (Behrens et al., 1993) were maintained in Dulbecco's modi®ed Eagle's medium (Life Technologies, Cergy Pontoise, France), 10% fetal bovine serum (FBS, Homann-La Roche, Basel, Switzerland) and antibiotics. The human collecting duct (HCD) cell line immortalized with SV40 virus, a generous gift from Dr P Ronco (INSERM U489, Paris, France), was cultured as previously described (Prie et al., 1995) . The human colonic epithelial cells HCT-8/S11 (Vermeulen et al., 1995) and the human prostatic epithelial cells LNCaP, a generous gift from Dr J Courty (CRRET Laboratory, Creteil, France) were maintained in RPMI 1640 (Life Technologies), 10% FBS (Homann-La Roche) and antibiotics. Human colorectal cell lines PC/AA/C1 and PCmsrc were routinely grown, as described previously (Empereur et al., 1997) . Cell number was measured during the exponential cell growth, using a cell counter (Coulter Counter, Northwell, UK).
Expression vectors
The rat Gaolf cDNA in pBluescript was generously provided by Dr R Reed (University of Maryland, Baltimore, MD, USA). To generate the HA-tagged and GTPase-de®cient mutant of Gaolf encoding the constitutively activated form of this G-protein (HA-AGaolf), PCR and point-mutation replacing glutamine 214 with leucine (GaolfQ214L) was performed before cloning in pCEFL vector (Marinissen et al., 1999) . The cDNA encoding the constitutively activated form of the small G-protein RhoD (RhoDG26V in the pCMVmyc vector, designated here as DCRhoD) has already been described (Tsubakimoto et al., 1999) .
Transient and stable transfections
Human embryonic kidney epithelial cells HEK-293T were plated at the density of 6610 5 cells in 100 mm diameter Petri dishes and cultured for 24 h. Cells were transiently transfected by the pCEFL-AGaolf vector (4 mg plasmid DNA) using LipofectAMINE Plus Reagent (Life Technologies), according to the manufacturer's protocol. After incubation at 378C for 6 h in a humidi®ed atmosphere of 5% CO 2 and 95% air, the remaining DNA-liposome complexes were removed. HEK-293T cells were then cultured for 48 h in standard medium, and challenged for Western blot analysis, as described below.
MDCKts.src, HCT-8/S11 and LNCaP cells were stably transfected by the pCEFL-AGaolf and pCMVmyc-DCRhoD vectors (3 mg plasmid DNA), either alone or combined together, using the LipofectAMINE Plus Reagent (Life Technologies). Control transfections were performed using the corresponding empty vectors. Stably transfected cells were selected for 2 weeks with 1 mg/ml G-418 (Geneticin, Life Technologies) for neomycin resistant cells and ring-cloned as individual colonies or were pooled. The corresponding clones and pools of clones were then subjected to the analysis of ectopic expression of AGaolf or DCRhoD-Myc by reverse transcriptase-polymerase chain reaction (RT ± PCR), immunoblotting, and further functional characterization.
Reverse transcriptase-polymerase chain reaction
Total RNA was extracted from HEK-293T, HCD, MDCKts.src, HCT-8/S11 and LNCaP cells by Trizol reagent (Life Technologies). RT ± PCR was performed using the Superscript detection kit (Life Technologies), according to the manufacturer's protocol. The experiment comprised one cycle of 30 min at 558C and one of 2 min at 948C, followed by 40 cycles of 30 s at 948C, 30 s at 558C, and 1 min at 728C, with a ®nal extension time of 10 min at 728C. For human and rat Gaolf, we used the following sense and antisense oligonucleotides (Genset, Ivry, France): for human Gaolf, 5'-CAGCGTCAGCTTGGTTGACTA-3' and 5'-GTAATGTT-TGCCGTCACCGGT-3', respectively, and for rat Gaolf, 5'-ATGGGGTGTTTGGGCAACAGC-3' and 5'-ACTCACGC-TGTCAATCCTTTC-3', respectively. PCR products were then separated by electrophoresis in 1.5% agarose gel and detected under UV light. The primers ampli®ed the 526 bp and 519 bp fragments of human and rat Gaolf transcripts respectively. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) PCR product (574 bp) was also analysed by RT ± PCR to verify the integrity of RNA preparations.
Western blot analysis
Cultured cells were homogenized and immunoblotted as described previously . Blots were probed with the Gaolf K19 polyclonal antibody (1 : 500) or the 9E10 monoclonal antibody (1 : 500) speci®c for the c-Myc epitope (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Membranes were then subjected to the secondary antibodies (1 : 2000) consisting of the horseradish peroxidase (HP)-linked donkey anti-rabbit IgG pAb (Amersham Pharmacia Biotech, Buckinghamshire, UK) or the HP-linked goat anti-mouse IgGs pAb (Santa-Cruz Biotechnologies) and were then revealed by Enhanced Chemiluminescence Western detection (ECL, Amersham Pharmacia Biotech).
Collagen invasion assay
For invasion of collagen gels by renal and colorectal epithelial cells, Petri dishes were ®lled with 1.35 ml of neutralized type I collagen and incubated overnight at 378C to allow geli®cation. Cells were harvested using Moscona buer and trypsin/EDTA, and seeded on top of collagen gels. Cultures were incubated for 24 h at the indicated tempera-ture, in the presence or absence of the indicated eectors. The depth of cell migration inside the gels was measured, using an inverted microscope (Vleminckx et al., 1991) . Invasive and super®cial cells were counted in 12 ®elds of 0.157 mm 2 . The invasion index is the percentage of cells invading the gel over the total number of cells.
Apoptosis assay
Stably transfected MDCKts.src-pCEFL and -AGaolf cells were plated at the density of 75610 4 cells in the absence of serum for 24 and 48 h at the permissive temperature of 358C for src activation and at the restrictive temperature of 408C in the presence or absence of the indicated eectors. For uorescence-activated cell sorter analysis (FACS),¯oating cells were combined with trypsinized adherent cells and ®xed in 70% ethanol. Fixed cells were stained with 50 mg/ml propidium iodide (Sigma Aldrich) in PBS containing 0.5 mg/ ml RNAse (Homan-La Roche), and assayed as previously described (Gorczyca et al., 1993) . Cell apoptosis was analysed by a FACS Calibur apparatus (Becton Dickinson) equipped with an argon laser tuned to 488 nm. About 10 000 cells were recorded per assay.
Neuroendocrine-like differentiation of LNCaP cells and PTHrP assay
Stably transfected LNCaP-pCEFL and -AGaolf cells were plated at the density of 6610 5 cells in 60 mm diameter Petri dishes. Adherent cells were then cultured for 3 days with the following eectors: 100 mM IBMX, 10 mM FK, 5 mg/ml C3T and 1 mM KT5720, either alone or in paired and triplicate combinations, as indicated. Cells were then imaged by phasecontrast microscopy using an Olympus microscope. In the same experiments, intracellular accumulation of PTHrP was measured in LNCaP-pCEFL and -AGaolf cells cultured for 6 days, with medium and eectors replaced at day 3. Radioimmunoassay of PTHrP was performed using the PTHrP-RIA kit (Ref. 35400) from Nichols Institute Diagnostics (San Juan Capistrano, CA, USA).
Statistical analyses
Data are means+s.e.m. for the number of experiments indicated. The statistical signi®cance between experimental values was assessed by the unpaired Student's t-test and Pvalue50.05 were considered to be statistically signi®cant.
